Background
Introduction
Hemophilia mouse models have been available since the mid-1990s and have proven to be valuable tools for investigating many scientific questions [1, 2] . Bi et al. produced two strains of hemophilia A mice; one with a neo cassette disrupting exon 16 (E-16) of the factor VIII (FVIII) gene and one with a neo cassette disrupting exon 17 (E-17) [1] . Original descriptions indicated that E-16 FVIII knockout mice had a normal lifespan and no spontaneous bleeding phenotype [1, 2] . However, severe hemophilia A patients, if left untreated, have significant bleeding complications including joint bleeds and decreased survival with median life expectancy of 7.8 to 11 years [3, 4] . We previously observed that untreated E-16 FVIII deficient animals experienced decreased survival compared to animals receiving FVIII gene transfer [5] . Therefore, we investigated survival and bleeding frequency of E-16 FVIII null mice compared to wild type animals. In contrast to original reports, we observed that hemophilic mice on two different genetic backgrounds have spontaneous bleeds and a shortened lifespan. Importantly, this revised and previously under-recognized phenotype more accurately mirrors that of untreated hemophilia A patients and provides new endpoints when evaluating future therapeutics.
Materials and Methods
All mice were housed under a 12:12 hour light-dark cycle at University of Iowa Animal Care Facilities under pathogen-free conditions for the duration of the study. Mice were housed in groups of as many as 5 mice per cage with a temperature set point of 70 degrees F. All animal procedures were approved by Institutional Animal Care and Use Committee at the University of Iowa. Hemophilia A mice with a targeted deletion of exon 16 were used in these studies [1, 5] . Two FVIII deficient mice strains were used including B6;129S-F8 tm1Kaz (originally purchased from Jackson Laboratories [Bar Harbor, ME] and the colony subsequently maintained with introduction of purchased breeder pairs approximately yearly) as well as congenic C57Bl/ 6J mice backcrossed for more than 7 generations [5] . The B6;129S-F8 tm1Kaz mice will be hence referred to as B6129 F8 null and the C57Bl/6J congenic FVIII deficient mice will be referred to as C57Bl/6 F8 null. Hemizygous affected males and homozygous affected females were studied. Both C57Bl/6J and B6129SF2/J wild type breeder pairs were purchased from Jackson Laboratories, and colonies were maintained with introduction of purchased C57Bl/6J or B6129SF2/J breeder pairs approximately yearly.
Interventions were limited to an ear punch for identification and retro-orbital bleed to collect whole blood as previously described [5] . No instruments were used during cage changing. Aggressive mice were separated to eliminate trauma-induced injury. Topical thrombin (King Pharmaceuticals, Bristol, TN) was applied as needed when minor superficial bleeds occurred. Cases of dermatitis were treated with triple antibiotic ointment. Mice were euthanized for the following reasons: limb weakness or paralysis, disinterest in eating or drinking, abnormal respirations, significant dermatitis not responding to adequate treatment, significant lethargy, or moribund appearance. If joint bleeding led to significant immobility resulting in the inability to independently obtain water and food, then mice were euthanized according to our institutional Animal Care Protocols. Time of euthanasia was taken as the best estimate for time of natural death, and euthanized mice were included in our statistical analysis. Otherwise, animals were inspected at least once daily to determine approximate date of death. At the time of death, necropsies were preformed to assess for grossly visible lethal bleeds. Animals were evaluated by a single investigator for presence and location of bleeds as potential cause of death. Cause of death was noted as non-bleeding, significant dermatitis (as deemed by the veterinarian), or lethal bleeding. Animals with lethal bleeds were further sub-classified by the site of bleed (Fig 1) .
Whole blood was collected via retro-orbital bleed in sodium citrate at a final concentration of 0.38% (wt/vol) and plasma collected per laboratory protocol [5] . Factor VIII function was measured using a FVIII chromogenic assay (Chromogenix; Lexington, MA) as previously described [5] . Von Willebrand factor (vWF) antigen was measured via ELISA. Wells were precoated with a polyclonal anti-human vWF antibody (Dako, Carpinteria, CA) diluted 1:2,000.
After blocking buffer, samples were allowed to incubate for 2 hours at 37°C. A horseradish peroxidase-conjugated polyclonal anti-human vWF antibody (Dako, Carpinteria, CA) diluted 1:10,000 was used for detection. A standard curve was generated from serial dilutions of normal pooled human plasma (George King Bio-Medical, Overland Park, KS) and antigen analyzed using the VersaMax Microplate Reader (Molecular Devies, Sunnyvale, CA) at wavelength 450nm.
EDTA-coated microcapillary tubes (JAS Diagnostics, Inc., Miami Lakes, FL) were used to collect whole blood. Samples were analyzed for platelet count and hematocrit using the ADVIA 120 Hematology System (Siemens, Erlangen, Germany).
Significant differences among groups were analyzed via the log-rank [Mantel-Cox] test. Analysis was performed in GraphPad Prism (GraphPad Software, La Jolla, CA). A P value of < 0.05 was considered statistically significant.
Results and Discussion
All hemophilic mice demonstrated FVIII activity levels below the limit of detection (< 0.006 IU/mL) compared to wild type controls (0.63-1.23 IU/mL: average 0.881 IU/mL). Additionally, F8 null mice demonstrated normal platelet counts, hematocrits and von Willebrand factor (vWF) levels at approximately 4-6 weeks of age prior to any visible evidence of a bleeding event ( Table 1) .
The median survival of the F8 null mice (n = 138, both backgrounds) was significantly lower when compared to wild type controls (n = 96, both backgrounds) (Fig 2A; p < 0.0001). To investigate if this difference was strain-dependent, we prospectively followed survival of two commonly used FVIII deficient mouse models, C57Bl/6J background as well as B6129SF2/J. The C57Bl/6 F8 null mice had a median lifespan of 236 days (Fig 2B; n = 67) . The median lifespan of the B6129 F8 null mice was slightly longer at 288 days (Fig 2C ; n = 71) although not significantly different from the C57Bl/6 F8 null mice (p = 0.16). Previous reports indicate the median lifespan of C57BL/6 is 866 days for females (n = 32) and 901 days for males (n = 32) [6] .
To further investigate survival of FVIII deficient animals, we included both female and male affected mice. Median survival was significantly decreased in both male and female mice ( Fig  2D; p < 0.0001) when compared to wild type controls. Median lifespan of all F8 null female mice (n = 55) was 361.5 days (Fig 2D; p < 0 .0001 compared to wild type mice). The median lifespan of all F8 null male mice (n = 83) was 207 days (Fig 2D; p < 0 .001 compared to wild type mice). Amongst F8 null animals, female median survival was longer than that of male animals (Fig 2D; p < 0.0001) . However, a significant difference in survival between genders was only apparent in the B6129 F8 null mice (Fig 2F; p < 0.0001) and not in the C57Bl/6 F8 null mice (Fig 2E; p = 0.97) . Even with our attempt to separate aggressive mice, it is possible that the difference in survival between female and male F8 null mice is due to trauma. However, we did not observe increased aggressive behavior in the B6129 strain compared to the C57Bl/6 strain. We do note that previous reports in other knockout models indicate that mouse strain can result in phenotypic differences between genders including survival [7] . Of note, the frequency of death due to hemorrhagic events in the B6129 F8 null female mice was similar to the frequency of death due to hemorrhagic events in the C57Bl/6 F8 null female mice (50% vs. 39%, respectively). Therefore, the difference in survival does not appear to be due to a difference in bleeding events. Overall, median lifespan of F8 null male and female mice was shortened compared to wild type controls regardless of strain background (Fig 2E and 2F) .
To identify possible causes of the shortened lifespan, we investigated the lethal bleeding frequency in hemophilia A mice. A large percentage of the deaths in hemophilia A mice were due to lethal bleeding (51%, Table 2 ). Lethal hemorrhagic events included intracranial hemorrhage, thoracic hemorrhage, intra-abdominal hemorrhage such as bowel obstruction from a hematoma or splenic hemorrhage, and spontaneous joint bleeding with significant immobility (Fig  1) . The increased mortality was not entirely explained by gross hemorrhage, therefore additional mortality in the FVIII deficient animals may be due to microscopic bleeding or an alternative mechanism of death.
A cause of death other than bleeding in the C57Bl/6 wild type colony included significant dermatitis leading to exposed lesions and/or exposed bone, and therefore animals were euthanized (n = 3). Ulcerative dermatitis was anticipated as the rate of dermatitis in our C57Bl/6 colony (5.6%) is consistent with that of previous reports (4.1%) [8] and none of our B6;129SF2/J mice developed dermatitis. Of note, significant dermatitis which did not improve occurred in the C57Bl/6 F8 null mice leading to euthanasia of 3 mice which are included as non-bleeding events in Table 2 . Dermatitis was not observed in the B6129 F8 null mice. Bleeding frequency leading to death has not been previously reported in the E-16 FVIII knockout mouse model. Bleeding at various sites previously reported in the E-17 FVIII knockout mice included a high frequency of lethal thoracic hemorrhage (12.1%) [9] . This is similar to our cohort of mice (average of 12.8%, Table 2 ). Our findings vary from that reported for the E-17 FVIII knockout, as our E-16 FVIII knockout mice had a higher rate of lethal intra-abdominal hemorrhage. E-17 FVIII knockout mice experienced a rate of 0.2% [9] compared to our average of 12.6% (Table 2 ). Despite separating aggressive mice, five hemophilia A mice had lethal injuries even when housed singly (most notably blood loss from toe injury). Additionally, our cohort of mice had an 8.5% average incidence of intracranial hemorrhage [10] . Importantly, no lethal bleeds were noted in the wild type colony. These data are consistent with both increased bleeding occurrence and poor wound healing defects in hemophilia patients [11] .
Here we present new studies of survival and bleeding causes of death in FVIII null mice compared to wild type animals. From our data, a lethal bleeding phenotype is evident in the E-16 hemophilia A mouse model. Currently in patients with severe hemophilia A, the majority of deaths due to bleeding are the result of intracranial hemorrhage [10, 12] . We observed less than 10% of bleeding deaths as a result from intracranial hemorrhage which is less frequent than lethal hemorrhage from intracranial hemorrhage in hemophilia A patients. This may be due to different locomotion and/or activity of mice compared to humans.
A 1989 study evaluated the mortality and causes of death in hemophilia patients and indicated that bleeding occurred in half of all deaths [13] . Traumatic bleeding was the most common cause of lethal bleeding [13] . However, more recently, only 23% of deaths in severe hemophiliacs were related to hemorrhagic events [14] , which is likely related to the use of factor replacement. The rate of lethal bleeds in our study was 51% which directly correlates to the hemophilic phenotype in humans. In contrast to original reports [1, 2] , we observed that hemophilic mice on two different backgrounds have lethal bleeds and shortened lifespan which is strikingly consistent with that of untreated hemophilia A patients [3, 4] . These findings broaden our understanding of the phenotype of FVIII deficient mice and have important implications for the design and interpretation of therapeutic studies using these important models.
